ABSTRACT. Submarine canyons of the Atlantic continental slope are found to have some remarkably analogous morphological properties to river networks, such as inverse power-law relations between channel gradient S and contributing area A (S ϳ ϳ A ؊ ). Such relationships for bedrock-incising rivers have been interpreted using models in which bed erosion rates (Ė ) depend on A and S according to Ė ϳ ϳ A m S n , where the A m term represents the effect of discharge increasing down-stream. For areas of spatially balanced erosion, the model predicts the inverse relation S ϳ ϳ A ؊ . It is argued here that erosion of canyon floors by turbidity currents involves similar processes to river bed erosion so that a similar model could be used to help interpret aspects of canyon morphology and differences between canyon systems. Discharge and flow power, however, do not vary down-stream in submarine canyons in the same way as in fluvial networks because tributaries are not usually active simultaneously. As turbidity currents and other sedimentary flows originate from failure of oversteepened deposits in canyon walls, the frequency of erosive flows experienced by the channel increases with A. This process produces a down-stream erosive effect analogous to that of discharge in river networks. The model's applicability is explored here by comparing the ratio of gradients and areas at confluences where erosion rates of the converging branches must be equal (Seidl and Dietrich, 1992). The data show significant scatter due to canyon floor irregularities, but they suggest on average m/n‫3.0-2.0؍‬ if Ė ϳ ϳ A m S n . Gradient-area graphs of canyons heading at the shelf break and of those heading within the slope are identical. Therefore, although the classical sequence stratigraphic model predicts that shelf spillover during glacial lowstands is important for incising continental slopes, there is little evidence that shelf spillages occurred by direct supply of sediment to canyon heads, as this supply would have modified the slopes gradient-area relationships differently.
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. As smooth abraded surfaces and quarried blocks are also observed in submarine canyon floors and walls (Shepard and others, 1964; McHugh and others, 1993) , it is suggested here that the same physical processes are involved in canyon erosion by turbidity currents and by debris flows (denser flows with particles supported by a sedimentary matrix rather than turbulence).
A companion study of longitudinal profiles (Mitchell, unpublished data) documents the gradient-area graphs of individual slope canyons. It shows that the relation S ϳ A Ϫ is common in the USA Atlantic slope and occurs with a similar range of graph power-law gradients to rivers (where is otherwise called channel 'concavity'). To explain such graphs, a model is developed for the erosive effect of turbidity currents in which the frequency of flows experienced by the canyon floor increases down-canyon and with increasing contributing area, representing the up-stream area of canyon walls with potentially unstable sediment capable of sourcing erosive sedimentary flows. A similar effect of contributing area has also been suggested to describe erosion of colluvial valleys by debris flows (Seidl and Dietrich, 1992) . Although rivers tend to flow continually, whereas submarine channels are active only occasionally during sedimentary flow events, this distinction is not considered important here because in practice erosion in subaerial bedrock channels also occurs episodically with extremes of river discharge (Snyder and others, 2003) .
Erosion by turbidity currents and rivers are, however, likely to differ in a number of respects. The density contrast of the flow with the ambient fluid is less for a turbidity current than it is for a river current and thus changes in the solid load have a greater effect on flow power and erosive potential in underwater systems, leading to feedback effects between flow power and bed erosion (Parker and others, 1986) . Continental slope turbidity currents usually have much greater thicknesses than rivers (Piper and others, 1988) , incorporate ambient water and experience friction with the overlying fluid (Komar, 1977) . The effects of some of these differences are revealed by geometrical differences between meandering river and turbidity current channel deposits (Peakall and others, 2000) . Debris flows may also behave differently in submarine environments owing to their potential to hydroplane over the seafloor. According to Harbitz and others (2003) hydroplaning can lead to a dramatic reduction in the flow bed shear stress and can reduce the flow's potential to erode substrates.
The following study was motivated by the observation of Seidl and Dietrich (1992) that long-term erosion rates of two branches of a river confluence must be identical because tributary channels tend to approach their associated principal channels at the same elevation (Playfair, 1802) , without an intervening waterfall. This observation implies that tributary channels adjust by erosion to changes in elevation of the principal channel, and is also a feature of the submarine tributaries described here. Seidl and Dietrich (1992) argued that the contrast in channel gradient (S) and contributing area (A) measured at confluences can be used to test conformance to an erosion law based on S and A, and to recover the ratio of the power-law exponents if that law that is applicable. In subaerial fluvial systems, the method essentially quantifies the observation that a tributary typically enters a principal channel with a steeper gradient because it drains a smaller area and has less powerful discharge.
The text below shows how a stream-power erosion law can be constructed for submarine erosion. It is stressed that the details of flow process and bed erosion are more uncertain in submarine settings, reflecting the more limited observations of process available, and thus the model is less rigorous than its subaerial counterpart. Nevertheless, it should be useful for providing a basis for discussing the origin of morphologic differences between different submarine canyon systems. Differences of canyon long-profile concavity, for example, can be related to spatial variations in sediment input, triggers of slope failure or substrate resistance to erosion. To avoid confusion, the term "slope" is restricted to the geomorphological feature whereas "gradient" is used for the rate of elevation change.
background to the continental slope geology
The continental slope of the central Atlantic USA margin shown in figures 1 and 2 has erosional relief produced in the late Tertiary (Schlee and others, 1979) . Surface sediments on the slope are silty clays or clayey silts and sedimentation is presently from hemipelagic fallout rather than from sands originating from the shelf (Doyle and others, 1979; McGregor and others, 1979) . Such shelf sand "spillover" is probably in general rare on the open continental slope because boreholes from 11 legs of the Ocean Drilling Program (ODP) and Deep Sea Drilling Project sited on the slope in various margins of the world have recovered mainly pelagic and hemipelagic sediments (Pratson, 2001) . Whereas the classical sequence stratigraphic model (Vail and others, 1977) implies that sediment transport off the shelf and associated canyon erosion occurs during glacial lowstands by remobilization of shelf sediments, some recent attempts to verify the model in modern continental slopes have produced contradictory results. The incidence of gravity flow deposits in New Jersey slope ODP Leg 150 sites, for example, only weakly correlates with the Last Glacial Maximum and deposition rates show no correlation (McHugh and others, 2002; McHugh and Olson, 2002). Peak deposition rates on the slope in a Southern California study occurred during sea level transgression, not lowstand as might be expected (Sommerfield and Lee, 2004) . No particular timing of the erosion is therefore assumed here.
The following studies of the central and northern Atlantic USA continental rise documented deposits of debris flows and slides, showing that they, as well as turbidity currents, are likely involved in erosion of the slope above. Interpretation of 3.5 kHz profiler records of the upper rise below the area in figure 2 (Pratson and Laine, 1989) revealed irregular deposits of debris flows and slides forming channels emanating away from Norfolk and Washington canyons, and also from some intermediate canyons.
Low-frequency long-range sidescan sonar is capable of penetrating to a few meters within sediment so it can detect buried surfaces (Mitchell, 1993) ; such data of the upper rise also reveal some high-backscatter ribbons appearing to emanate from canyons, some of which have been verified by coring as elongated debris flow deposits (EEZ Scan, 1991; Schlee and Robb, 1991; McHugh and others, 2002) .
Seismic reflection data collected parallel to the margin show that the canyons have incised a pre-existing stratigraphy (McGregor and others, 1979; Forde, 1981) . However, higher resolution seismic data from the New Jersey slope (Farre, 1987; Pratson and others, 1994) , near Wilmington Canyon (McGregor and Bennett, 1977) and from the slope 50 km northeast of Washington Canyon (McGregor and others, 1979) show that stratigraphy within the upper canyon walls in detail commonly dips towards the channels rather than being sharply truncated at the seafloor. This dip implies that some of the canyon topography has developed by aggradation of the interfluves (inter-canyon divides) relative to their adjacent canyon floors. This aggradation arises because enhanced oceanographic currents in canyons (Shepard, 1981; Cacchione and others, 2002) , as well as the sedimentary flows considered here, cause reduced or non-deposition along channels relative to interfluves. Development of the canyon relief therefore involves removal of buried, consolidated stratigraphy and the less indurated material that would otherwise build the slope (hemipelagic fallout occurring between erosive flow events).
The data studied (figs. 1 and 2) are multibeam echo-sounder data collected by the US National Ocean Service (NOS) and made available by the National Geophysical Data Centre in gridded form (Coastal Relief Model). The area includes two major shelf-incising canyons, Norfolk and Washington, but mostly a series of canyons restricted to the slope. Water depths vary from the shelf (Ͻ150 m) to more than 2000 m.
erosion model
In detachment-limited fluvial erosion models, the rate at which bedrock channels incise is related to either bed shear stress due to the flow (Howard, 1994) or to the specific stream power [flow power per unit width of stream (Hancock and others, 1998) ]. Both approaches have been shown to imply an erosion law of the forṁ Eϭk f A m S n . Applying the shear stress approach to erosion by submarine turbidity currents, the model erosion rateĖ is postulated locally to followĖ ϳ n where , bed shear stress due to the flow, is proportional to the square of depth-averaged flow speed U 2 . The exponent n is not necessarily spatially and temporally constant as the channel could erode different lithologies with different primary detachment mechanisms (Hancock and others, 1998) . Using a Chezy-type formula for flow speed (Komar, 1969) , the erosion rate during passage of an individual turbidity current would then follow:
where h is the flow thickness (m) and gЈ represents the depth-averaged specific weight of the flow equal to g⌬/ (g is the acceleration due to gravity (m/s 2 ), is the flow's density (kg/m 3 ), and ⌬ is the flow excess density relative to the ambient water (kg/m 3 ). The symbols f o and f i are the Darcy-Weisbach friction factors of the flow's base and overlying water column, respectively. Erosion in subaerial channels is known also to depend on other factors such as degree of weathering between erosive flows (Howard, 1998) . The type and concentration of sediment loads are important, with no tools available for abrasion if there is no sediment load and heavy sediment load causing armoring of the bed (Sklar and Dietrich, 1998; Sklar and Dietrich, 2001) . These factors will also likely complicate submarine erosion by sedimentary flows, so equation (1) is an idealized representation of erosion.
The time-averaged erosion rate caused by the passage of many flows can be related to channel contributing area A using a similar mechanism to that proposed by Seidl and Dietrich (1992) for erosion of subaerial colluvial valley channels (channels above river headwaters). Here, the time-averaged erosion rate depends on the frequency at which flows travel down-channel, which in turn depends on the area of upstream canyon walls with potentially unstable sedimentary deposits ( fig. 3 ).
In this model, the flow frequency reflects the volume flux of hemipelagic material to the upstream canyon. In other words, the more rapidly hemipelagic material is accumulating in a part of a canyon, the faster the canyon walls will over-steepen relative to the canyon floor and the more likely a slope failure will occur there leading to a sedimentary flow, other factors being equal. Spatially varied sediment input will lead to spatially varied erosion analogous to that caused by varied precipitation in river networks (Roe and others, 2002) . Slope failures could also be promoted in restricted parts of the slope by fluid escape from underlying strata (Dugan and Flemings, 2000; Dugan and others, 2003) . These effects should be considered in a more thorough analysis but, as this study involves comparing immediately adjacent canyon branches, they are minimized to some degree.
If seismicity triggers widespread slope failure causing multiple sedimentary flows, it is possible for several adjacent channels to be simultaneously active others, 1988, 1999; Adams, 1990; Goldfinger and others, 2003) . Such a situation could lead to flow power increasing past tributary confluences in a manner analogous to fluvial systems if the combination of flow geometry and durations allowed flows to merge at confluences. How frequently this situation occurs is unclear as flow synchroneity is difficult to prove, but the effect could be interesting if converging simultaneous flows lead to a different tendency forĖ to increase with A (hence different exponent 'm'). The tendency forĖ to increase with A might be tested by seeing if tectonically active areas have a measurably different eroded morphology to passive margin slopes.
Incorporating canyon area A (m 2 ) and replacing GϭgЈh/(f o ϩ f i ) in equation (1), the time-averaged erosion rate caused by many flows is proposed to vary according to:
An exponent m is applied to A because the above effects of flow convergence and frequency down-network are likely to lead to an imperfectly linear effect of A. The fact that sedimentary flow deposits have been found on the continental slope by drilling (McHugh and others, 2002) and geophysical imaging (Piper and others, 1999) suggests that sedimentary flows do not always fully run-out, hence producing a tendency for m Ͻ 1. The parameter K represents bedrock erodibility and erosive potential of the flows (such as owing to the tools carried by them) much like with river bed erosion (Whipple and Tucker, 2002) . It also represents the timescale of erosion imposed by the rate at which hemipelagic sediment accumulates in canyon walls or other cause of erosive flows and is not necessarily temporally or spatially constant.
Flow widening down-stream will also affect bed shear stress and hence the exponent 'm' as with rivers (Montgomery and Gran, 2001 ). It is difficult to quantify because the inner channel is poorly resolved in these multibeam data. Higherresolution sidescan and multibeam sonar data of steep upper continental slopes (Alonso and others, 1985; Malinverno and others, 1988; Goff and others, 1999; Klaucke and Cochonat, 1999) typically show that the channels are narrow and usually close to sonar resolution, or, where the channel floor is resolved, farther down the continental slope, it is then unclear if it represents a modern surface of channel fill deposits post-dating the erosion. The author is unaware of sediment profiler or seismic data capable addressing this issue adequately at present.
As the following investigates relations among the measurable parameters S and A, the analysis requires that variations in G be comparatively small. As flows pass down-canyon, however, G could vary because flows incorporate bed material, inflate by incorporating ambient water or change thickness and width with changes in velocity, gradient and width of the constraining channel, or they may deposit with declining channel gradient. Some of these effects are partially compensating, for example incorporation of ambient water will decrease gЈ but increase h, thus leading to a small change in G. However, some systematic variation in G is likely to occur down-stream on average and will be in part correlated with A, affecting the apparent ratio of exponents m/n recovered by the analysis.
An equation similar to (2) could also be derived for erosive effects of debris flows. If a debris flow's velocity is steady and slow, the shear stress at the base of the flow must balance its weight so it is simply ( df Ϫ w )ghS where df and w are, respectively, the depth-averaged debris flow and ambient water densities (kg/m 3 ). However, as debris flows have the potential to hydroplane and decouple from the seabed (Harbitz and others, 2003) , their erosive effects are unclear. Indeed, a lack of coupling between debris flow and substrate may explain why erosive relief is relatively subdued in slopes developed in front of ice streams where debris flows are common (Dowdeswell and others, 2002) , such as the Hebrides Slope (Armishaw and others, 2000) and Marquerite Bay, Antarctica (Dowdeswell and others, 2004 ).
calculation of gradient-area statistics
Enlarged maps of contoured bathymetry and shaded relief images were produced from the gridded data supplied by NOAA using open-source software (Wessel and Smith, 1991) at a scale of 1:58000 so that the hemipelagic catchment areas of canyons and their confluences could be recorded as illustrated in figure 4. Catchment boundaries were readily located and mapped out along the sharp interfluves between canyons. The canyons were classified into those with upstream tributary canyons that head at the shelf break and those that head solely within the continental slope. The latter mostly have other canyons separating them from the shelf edge. For those canyons that terminate at the shelf break, the catchment was difficult to map because the limit of the canyon can be poorly defined morphologically. For consistency, a contour was interpreted as the upslope limit of these canyons, which was principally the 150 m depth contour, but the 200 and 250 m contours were more effective delimiters in the north of the area ( fig. 2B and 4) . The estimated average uncertainty in A arising from poor definition of the shelf break is 0.7 km 2 . The full set of catchment area data is shown in figure 2B . Each network includes between 1 and 11 interpreted confluences. The calculated upstream areas are shown in figure 5 . The uncertainties shown in figure 5 were calculated by combining the accuracy of defining catchments laterally (along the slope) with the above-mentioned uncertainty in delimiting the canyon heads. As the latter is the largest uncertainty, the uncertainties are larger in figure 5A than for those canyons isolated from the shelf break in figure 5B . Channel gradients were measured from the contoured bathymetry maps. For each channel, this was carried out by measuring the along-channel separation of two contours representing a 100 m depth change. Measurements were made immediately upslope of the confluences marked by the bold circles in figures 2 and 4. Based on the apparently artificial irregularity of bathymetry contours in areas of flat terrain, it was estimated that vertical accuracy of the gridded data was typically 5 m. The effect of this uncertainty on the gradient values was combined with an estimate of the ruler uncertainty used in measuring the contour separations to produce the uncertainties in gradient S shown in figure 5. Because the channel profiles are curved and gradient was measured over a finite distance, the measured gradients will be slightly biased on average. However, simulations in Niemann and others (2001) of subaerial landscapes calculated with similar m/n suggest that the error is only 10 percent when gradient is measured with a ruler length of 10 percent of the full channel length, as is typical for these canyons. The effect of this bias will also be reduced somewhat as the analysis involves changes in gradient and gradient ratios rather than absolute values.
results Figure 5A reveals a relatively simple trend of S gradually declining on average with increasing A (R ϭ 0.67). Interestingly, the data in figure 5B for canyons isolated from the shelf break are no different to those in figure 5A . If erosion of the slope canyons were strongly influenced by sedimentary flows initiated near the shelf break from shelf sediment, we might expect a difference between those canyons that head at the shelf break compared with those that head within the slope and are isolated from the shelf. Sedimentary flows at the canyon heads would have led to deeper incision there compared with the heads of the isolated canyons, and hence different S-A relationships should have emerged. (The regression line in figure 5A does lie slightly to the right of that in figure 5B , but the offset is statistically insignificant.) This is consistent with most continental slope sediment being hemipelagic not sandy (Pratson, 2001 ) and with most erosion activity from sedimentary flows and mass-movements having developed within the slope (Pratson and Coakley, 1996) . This issue is addressed again in the discussion.
The data were analyzed following the method of Seidl and Dietrich (1992) . From equation (2), if the time-averaged G and durations of flows passing down adjacent confluence branches were the same, the model balance of erosion rates for submarine channels is:
where the subscripts refer to the principal (p) and tributary (t) channels. The size of sedimentary flows (solid loads and durations) may well correlate with the upstream area because this dictates the maximum potential size of initiating slope failures and because the amount of channel floor sediment incorporated by a flow likely relates to the length of channel it travels. Assuming equal G and K between two confluence branches therefore leads to inaccuracies in equation (3) and explains some of the scatter in the following graphs. Some of this variation in erosive potential will be correlated with A and affect the exponents ratio m/n recovered by the analysis The ratio (A p /A t )/(S t /S p ) should be constant if the erosion occurs by a common process that follows equation (2) with constant K, m and n, equal G t and G p , and if the erosive effect of A were as suggested. Seidl and Dietrich (1992) found that this ratio was relatively constant for S t Ͻ 0.2 but strongly varied for S t Ͼ 0.2, a result which they interpreted as due to the data following a fluvial incision law at the lower gradients but, where tributaries are steep (S t Ͼ 0.2), those branches erode from the effects of debris flows obeying a different erosion law. The data here ( fig. 6 ) show variability over all S t . The variability for canyons that do not intersect the shelf edge ( fig. 6B ) are less varied, which could indicate that they are more reliable for this analysis, although there are also fewer data. Figure 7 shows the corresponding ratios of gradient and area. If erosion follows equation (3), the data should form a straight line, with a graph slope representing the ratio m/n as illustrated by the dotted lines. There is a fair degree of variability in the graphs (R ϭ 0.36 and 0.60 for figs. 7A and 7B, respectively). Based on the data uncertainty (bars on the right side of the figure), the variability is not merely an artifact of data precision. Sklar and Dietrich (1998) studied a number of stream junctions in the Noyo River Basin, California and found a much larger variability than in Seidl and Dietrich's (1992) study and also larger than shown in figure 7. They ascribed their data variability to landscape disequilibrium and valley widening in response to relative base level changes. As illustrated by the long-profiles in figure 8 , the submarine channels do have knickpoints, which cause some of the variability in gradient. It is unclear if knickpoints here are caused by similar transient effects, because base-level (the continental rise) is static. Transient effects could instead arise from enhanced erosion of a principal channel, leaving the tributary forming a hanging valley but few such examples were found in these data. Most likely, a large part of the variability arises from varied substrate properties such as cohesion and jointing (Miller, 1991) because knickpoints are observed to correlate at common depth between adjacent channels, such as highlighted in figure 9 (occurring along directions oblique to the collecting north-south ship tracks so they are not obviously sonar data artifacts). This view is reinforced in figure 10 , which shows that gradients of both large-area and small-area canyons (in effect the most dendritic to least dendritic or linear canyons) decline to common values over a comparable distance from the shelf edge. Increasing induration with depth of strata could have inhibited erosion so that channel beds of the large-area canyons have not evolved to the lowest gradients. Least-squares regressions were calculated from the data in figure 7, constrained to pass through (1,1). Because of the difficulty in defining the up-slope limits of the canyons where they head at the shelf edge, the effect of this uncertainty was minimized by calculating the regression on the data in figure 7A excluding those with both A t and A p Ͻ 5 km 2 , which suggests m/n ϭ 0.19. Regressing all the data shown without this constraint suggests m/n ϭ 0.17. For the data in figure 7B , the regression was calculated on all the data shown suggesting m/n ϭ 0.3. Regressing on all the data in figures 7A and 7B combined without censoring suggests m/n ϭ 0.19. The results show that the shelf-heading and slope-heading canyons are similar in terms of gradient-area contrast at confluences.
Regressions were also calculated on the data with areas A t and A p greater than a certain value ( fig. 11A ) and less than a certain value ( fig. 11B ). These calculations were used in an attempt to isolate different erosion laws which might, for example, correspond to a change from debris flow to turbidity current erosion with increasing canyon area and declining gradient. Such changes might occur, for example, if debris flows dilute by incorporating ambient water . The trend in figure 11B is unfortunately not well resolved, as the data for canyons heading at the shelf break were calculated with A p /A t spanning less than half an order of magnitude 
The Analogy Between Submarine and Subaerial Erosion
The analysis of multibeam echo-sounder data has revealed morphological similarities between these continental slope canyons and subaerial channel systems produced by runoff, which imply similarity of the erosion process. Fluvial-like morphological features of submarine canyons include: (1) inverse power-law relationships between channel gradient and contributing area ( fig. 5 ), reflecting channel long-profile concavity (fig. 8) ; (2) canyons show Hack's law scaling between channel length and contributing area (Mitchell, unpublished data) ; (3) tributary branching can be analogous to river systems (Pratson and Ryan, 1996) ; (4) tributaries approach principal channels at the same elevation, obeying Playfair's Law; and (5) there is a tendency for tributary channels to be steeper than principal channels near confluences, reflecting their smaller contributing areas ( fig. 7) . Some of these features can be observed visually in the enlarged contour maps (figs. 4 and 9), such as a smooth convergence of channel elevations at confluences. This signature of erosion is more likely to have been created by many small erosive sedimentary flows on the different branches (Malinverno and others, 1988) rather than a small number of large flows, which would have left tributaries forming hanging valleys at confluences.
There are, however, a number of aspects in which the analogy with mature bedrock-eroding streams is imperfect. For example, the tributary channels obey equation (3) in only a very approximate sense, illustrated by the variability of the data in figure 7. From equation (2), some of this variability could originate from variations in thickness and density of turbidity currents arising from their incorporation of channel bed sediments (Parker and others, 1986 ) affecting parameter G. Some could have arisen from varied bedrock erodibility (varied K) as implied by the knickpoints (figs. 8 and 9) and from the expected increasing induration of slope sediments with burial depth, such as recorded in penetrometer tests on New Jersey slope sediments (Mountain and others, 1994) . The role of small debris flows, which form abundant deposits in New Jersey slope cores (McHugh and others, 2002) , is uncertain. Their potential to hydroplane (Harbitz and others, 2003) and transform to turbidity currents Fig. 10 . Gradients of the slope canyon floors plotted versus their distances from the shelf edge, defined as the canyon head contours annotated in figure 2B . The data from canyons draining the southern levee of Norfolk Canyon have been excluded. The symbols represent canyons with area less than 3 km 2 (plus symbols), between 3 and 9 km 2 (open circles) and greater than 9 km 2 (solid circles). For distances beyond 6 km, the channels of the larger tributary networks (A Ͼ 9 km 2 ) have similar gradients to the more linear canyons with less dendritic structure (A Ͻ 3 km 2 ). This is possible evidence that erosion rate is not solely controlled by gradient and contributing area, but that increasing bedrock induration with burial depth may inhibit erosion. could affect down-stream variations in erosive potential. Furthermore, spatial variations in hemipelagic sediment supply (Sanford and others, 1990; Biscaye and Anderson, 1994) , and spatially varied triggers of slope failure such as caused by localized fluid escape (Dugan and Flemings, 2000) could further affect down-stream variations in erosion rate. Given the various potential causes of erosion variability, the fact that a fluvial-like geomorphologic signal remains is interpreted here to imply that the processes by which turbidity currents and debris flows erode their beds are indeed likely to be similar to those involved in river bed erosion. It is unlikely that similar morphological characteristics arose from a fortuitous combination of other processes such as large-scale landsliding.
Concavity of Submarine Canyons
The concavities implied by the data in figure 7 ( ϭ 0.2 to 0. 3) are at the low end of values found in typical river systems, which have ϭ 0.3 to 0.6, though within the full range of recorded values, ϭ 0.1 to 1.1 [from sources cited by Snyder and others (2000) and Tucker and Whipple (2002) ]. This range in values could have arisen from a weak sensitivity to area and small m or from a strong erosion sensitivity to gradient and hence large n. For example, river bed erosion by abrasion and by plucking have been predicted to occur with n ϭ 5/3 and with n ϭ 2/3 to 1, respectively (Whipple and others, 2000) , so abrasion-dominated erosion would lead to smaller m/n and thus . If flows increase their erosive potential by igniting down-stream (Parker and others, 1986) or if decoupled hydroplaning debris flows transform to more erosive turbidity currents downstream , however, m Ͼ 1 would be expected, leading to large m/n. The fact that m/n is small implies that factors leading to m Ͻ 1 dominate, such as debris flows freezing because of the down-stream decline in gradient, flow widening and increasing induration and resistance to erosion of substrate with burial depth of incised strata.
An effect equivalent to subaerial weathering in preparing bedrock for erosion (Howard, 1998) can be envisaged that could affect canyon concavity . On the modern continental slope, biological activity is important in excavating cavities in bedrock and semi-indurated sediment (Dillon and Zimmerman, 1970; Warme and others, 1978; Valentine and others, 1980; Malahoff and others, 1982) . Biological activity could cause greater erosion rates in the steeper channel of the upper slope if bedrock were exposed more often there compared with the lower to middle slope, because the latter areas can be protected by superficial hemipelagic sediments and alluvium, accumulated where ocean currents are weaker (Csanady and others, 1988; Cacchione and others, 2002) . The strength of biological activity may also reflect the pattern of nutrient input from hemipelagic fallout, which is currently greatest in the upper continental slope (Biscaye and others, 1988; Biscaye and Anderson, 1994) . Biological attack could therefore lead to erosion rates being apparently more sensitive to channel gradients than might otherwise be anticipated.
Origin of the Gradient-area Inverse Power-law Relationships and Shelf Spillover Contribution to
Canyon Erosion In fluvial systems, inverse power-law relationships between channel gradient and contributing area have been interpreted in terms of detachment-limited stream bed erosion laws of the kindĖ ϳ A m S n , where tectonic uplift rate is constant and spatially uniform (Whipple and Tucker, 1999) or spatially varied but correlated with A (Kirby and Whipple, 2001) . Simulations based on the stream-power erosion laws have also predicted relations of the form S ϳ A Ϫ for declining orogens where significant tectonic activity has long-since ended (Willgoose, 1994) , such as the Appalachians (Hack, 1957) . Tucker and Whipple (2002) noted that the concavities of declining orogen rivers are very similar to those of tectonically active orogens, so that idealized steady state models can also represent tendencies in declining orogens. The inverse power-law relationship then presumably arises, in terms of the stream-power model, because the fluvial-system erosion rate declines systematically from the range divide to zero at base level.
Elsewhere (Mitchell, unpublished data) it is argued that continental slopes could evolve towards a form of topographic steady state in which competition between depositing hemipelagic sediment attempting to aggrade the slope is balanced by erosion along channels. In the model, hemipelagic sediments accumulate everywhere on the continental slope attempting to aggrade it. Without erosion, the accumulating sediments would simply prograde the slope. Occasionally a portion of canyon wall will fail, initiating a sedimentary flow that would erode down to the base of the slope ( fig. 3) . Some parts of the lower canyon walls can be undermined, initiating further slope failures (Pratson and Coakley, 1996; Densmore and others, 1997) and leading the inter-canyon divides to become progressively sharp and angular from landsliding, as is observed ( fig. 1 ). With time, the system would evolve towards a form of steady state between the aggradation and erosion. If aggradation dominates, the slope profile may still be considered a steady state form if measured in a reference frame migrating with the prograding slope and if channel beds also prograde. (On the timescale of a flow event, they will clearly erode but deposition between flows could lead to channels aggrading over longer timescales.) This steady state would be somewhat different to the fluvial case, where erosion is ultimately caused by precipitation, because in the submarine model the hemipelagic sediments both grow the slope and oppose its growth by producing the erosive sedimentary flows.
The supply of hemipelagic sediment to the central Atlantic slope is non-uniform and typically greatest towards the upper slope, as suggested by sediment trap measurements (Biscaye and others, 1988; Biscaye and Anderson, 1994) and sedimentation rates from cores (Sanford and others, 1990) . However, as the channel gradient and area data here were mostly derived from within 15 km of the shelf edge ( fig. 10) , the hemipelagic rain can be assumed to have a spatially uniform long-term value U. If the channel bed erosion has become balanced with the accumulation, then:
and an inverse power-law relation S ϳ A Ϫ with ϭ m/n is expected if G, K, m and n are spatially uniform and constant. As before, some down-stream variation in these parameters is likely to cause the concavity to differ from m/n. The steady state model can be used to constrain the amount of shelf spillover as follows. The supply of sediment direct to canyon heads is represented by increasing canyon contributing areas by an amount ␦, which effectively represents the volumetric flux of shelf sediment to a canyon head. From equation (2), the effect of spillover can then be writtenĖ ϭ kG n (A(1 ϩ ␦)) m S n . For a steady-state landscape, U ϭ kG n (A(1 ϩ ␦)) m S n . U is the same whether or not the canyon experiences shelf spillover as the spillover sediment travels down the channel without depositing, bypassing the slope. If hemipelagic deposition was enhanced during times of lowered sea level (Vail and others, 1977) , U varies with time, but it should have the same value for both shelf-heading and slope-heading canyons. Gradient is given by S ϭ (
Ϫm/n . Finding the difference in log 10 (A) for a given S between the two graphs in figure 5 should resolve ␦, if the other factors are common. The difference is statistically unresolved, but we can instead find the maximum possible ␦ allowed by the uncertainties. From the separation of the maximum uncertainty curve in the figure 5A regression to the minimum uncertainty curve of the figure 5B regression at around log 10 (A) ϭ 6.5 (A ϭ 3.2 km 2 ), it was deduced that ␦ ϭ 1.05, an extreme estimate as the uncertainties are not correlated. Thus an amount of shelf spillover no more than equal to the hemipelagic volume flux to a canyon area of 3.2 km 2 has contributed to canyon erosion according to this argument. If shelf spillover consists of turbidity currents of shelf sand and gravels that are more erosive than those formed of semi-indurated sediment of canyon wall failures, these volumetric contributions are over-estimated.
conclusions
The central Atlantic USA continental slope canyons have many features in common with subaerial drainage systems, such as inverse power-law relationship between channel gradient and contributing area with concavity ϭ 0.3, tributaries join at confluences smoothly with the same elevation (not forming hanging valleys) and there is a tendency for tributaries with small contributing areas to have steeper channels than the principal channels that they join. A simple model for bed erosion by turbidity currents based on the detachment-limited bed shear stress model (Howard, 1994) illustrates how a similar erosional morphology to that in fluvial systems could arise and illustrates some potential sources of complexity. In river networks, discharge increases systematically down-stream, but tributaries in submarine canyon systems are not usually simultaneously active. A tendency for erosion rates to increase down-stream instead arises from increasing frequency and size of sedimentary flows incising the canyon floor, which relate to the up-stream area of canyon walls accumulating unstable sediment deposits. Erosion in the continental slope has progressed towards a form of spatial equilibrium so that channels have concave-upwards long-profiles, with the down-stream effect of increasing flow frequency balanced by decreasing gradient.
There is, however, more significant variability in graphs of gradient and area ratio at confluences than those presented by Seidl and Dietrich (1992) . Some potential sources of variability include (1) changing power of flows down-stream as they incorporate bed material (Parker and others, 1986) , (2) varied induration of incised strata, (3) variations in dominant flow type (turbidity currents and debris flows), (4) freezing of debris flows with declining gradient, (5) transformation of debris flows to turbidity currents and (6) spatially varied hemipelagic sediment deposition (Biscaye and Anderson, 1994) or varied trigger of slope failure such as fluid release (Dugan and Flemings, 2000) . In addition, causes of erosional variability suggested for river systems will also apply, such as effects of varied sediment load (Sklar and Dietrich, 1998) . The varied resistance to erosion is implied by correlated knickpoints observed between adjacent channels. The channels of both small and large area canyons should decline in gradient over a different distance from the shelf edge because of the different cumulative volumes of sedimentary flows they have experienced, but they are observed to decline over a similar distance. This could be a result of increasing induration with burial depth inhibiting deeper erosion.
Although there are various potential causes of variability, a fluvial-like signal remains. This is interpreted here to indicate that the fundamental erosion process likely does involve plucking/quarrying and abrasion of the bed by sedimentary flows in an analogous manner to erosion by runoff on land (Hancock and others, 1998; Whipple and others, 2000) . A process of large-scale slope failure carving these canyons is unlikely to have produced fluvial-like characteristics fortuitously.
A prediction of the classical sequence stratigraphic model is that sediment supply to slopes and canyon erosion are more enhanced during sea-level lowstands (Vail and others, 1977) . The power-law relationships and graphs of gradient and area ratio at tributaries, however, are not greatly different for slope canyons that head near the shelf break compared with those that head within the continental slope. If sediment were supplied directly to canyon heads during low-stands and enhanced erosion, the shelf break-heading canyons would be expected to have evolved to different gradients for a given contributing area, but this is not observed, neither is there evidence for feeding channels at the shelf edge. Therefore any enhanced erosion activity, if it occurred, must have been caused by enhanced hemipelagic supply to all canyons.
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